The cosmic ray emulsion chamber community has reported several unusual phenomena which are also relevant to experiments at the current high-energy accelerators, in particular the Fermilab Tevatron Collider and the CERN Large Hadron Collider (LHC). A summary of the "Cosmic Rays at Mountain Altitude" workshop held at Plock (Poland, September 2010) is given.
Introduction
From the perspective of multiparticle production processes, the attractiveness of cosmic ray experiments stems from their high energies and from the possibility to explore the projectile fragmentation region at energies not yet at-tained in accelerator collider experiments. We look forward to results from LHC experiments including TOTEM, CASTOR, LHCf, and others which will also study this area of physics, and we anticipate close interactions with the members of these collaborations in the near future. Forthcoming LHC data will therefore be complementary to the cosmic ray results. While cosmic ray experiments are able to examine the fragmentation region of multiparticle production processes, they suffer from several difficulties. The essential problem is the uncertainty of primary cosmic-ray composition at energies above 10 15 eV, and that the flux of primary cosmic rays decreases rapidly with energy. To study super-high-energy interactions at 10 15 − 10 17 eV, several large-scale emulsion chambers have been built at high elevations in mountain locations. Examples include emulsion chamber experiments conducted over the last 20-40 years at Mt. Kambala (5500 m a.s.l., China-Japan Collaboration), Mt. Chacaltaya (5200 m a.s.l., Brasil-Japan Collaboration), Pamir Plateau (4360 m a.s.l., RussiaGeorgia-Tajikistan-Uzbekistan-Poland Collaboration and Chacaltaya-Pamir Collaboration) and Mt. Fuji (3750 m a.s.l., Fuji Collaboration). Emulsion chambers mainly consist of absorber plates (usually lead) and photosensitive layers (X-ray films), which are stacked. They can detect an electron shower induced by either an electromagnetic or a hadronic component (more details are given in Appendix A). In the X-ray emulsion chamber (which is a shallow calorimeter) only the energy transferred to the electromagnetic component is measured. The relation between E γ (evaluated experimentally) and hadron energy E depends on the partial inelasticity K γ : E γ = K γ E .
Local interactions caused by cosmic ray hadrons in the carbon-target layer of the emulsion chamber (C-jets) are observed in the lower part of chamber and cover energies below 10 15 eV. Most of the recorded events above 10 15 eV are the products of interactions taking place in the atmosphere above the chamber (called A-jets). A bundle of observed particles in the event is called a "family", because they are produced in nuclear and electromagnetic cascade processes in the atmosphere originating from the same primary particle. Families observed at mountain altitudes usually stem from several nuclear collisions.
The cosmic ray emulsion chamber community has reported observations of several unusual phenomena, which are also relevant to experiments at the current high-energy accelerators, in particular the Fermilab Tevatron Collider (anti-proton proton collisions at about 1.8 TeV c.m., equivalent to a ∼ 2 PeV cosmic ray proton) and the CERN Large Hadron Collider (LHC) (currently proton-proton collisions at 7 TeV c.m., equivalent to a ∼ 26 PeV cosmic ray proton). Super-high energy cosmic ray events (e.g. see [1, 2] ) have revealed many unexpected features which could be signs of new states of matter. The new accelerator collider experiments should also search for unusual phenomena in their physics programme.
Centauro events
Centauro events are claimed to represent primary cosmicray interactions in which the reaction products contain no (or anomalously few) neutral pions. The Centauro events, characterised by an extreme imbalance between hadronic and gamma-ray components among the produced secondaries, are the best known examples of numerous unusual events reported in cosmic-ray experiments [1, 3, 4] . There have been many attempts to explain Centauro events, including different types of isospin fluctuations or formation of disoriented chiral condensate (DCC) [5, 6] , multiparticle Bose-Einstein correlations (BEC) [7] and strange quark matter (SQM) formation [8] [9] [10] . Each of these models reproduce many features of Centauros in a single collision, but fail to explain the substantial number of interactions contributing to the development of families observed at mountain altitudes among which Centauros were observed. It has been shown that families recorded at mountain altitudes are insensitive to any isospin fluctuations [11, 12] . Centauro-like phenomena require a deeply penetrating component in cosmic rays.
The "Centauro-I" event is a typical cosmic-ray exotic event [1, 13] . It occurred in the two-storey emulsion chamber No. 15 at Mt. Chacaltaya in 1972. The event was interpreted as having been originated by a cosmic-ray nuclear interaction 50 m above the chamber with no π • mesons produced among ∼100 produced hadrons. The average T of the produced hadrons was estimated to be as large as ∼ 1 GeV/c. Re-examination of the event, however, showed that the original interpretation should be changed because it was found that, after re-measuring the relative positions of the upper and the lower chambers exactly [14, 15] , the event had no upper part corresponding to the shower cluster in the lower chamber. The authors of Ref. [14] now claim that the "Centauro-I" event is not "exotic" but is a normal atmospheric family which passed through a gap between two units of emulsion chambers in the upper chamber. We note, however, that the probability that the event passed through a gap is low, and some features of the shower cluster in the lower chamber cannot be described by the gap-passing hypothesis. It is more likely that the event passed through the upper emulsion chamber without leaving any showers of appreciable energy. Details of the re-analysis of the event can be found in Ref. [15] . The key points of the present status of the event "Centauro-I" event are clarified below.
Shower cluster in the lower chamber
Chacaltaya chamber No. 15, a two-storey emulsion chamber, consists of an upper chamber of 7.8 cm Pb, a target layer of 23 cm pitch, a 1.47 m air-gap and a lower chamber of 8 cm Pb. In block no.12, I12 in the lower chamber, 138 showers with E γ ≥ 0.2 TeV were observed in nuclear emulsions spread over a region with a radius ∼ 1 cm. The total observed energy was ΣE γ = 203 TeV. The lateral spread of the showers in this cluster was more than one magnitude larger than those in usual C-jets, which are nuclear interactions in the pitch target layer and typically have a spread of 2−3 mm. There was no shower or shower cluster in the upper chamber corresponding to the shower cluster in the lower chamber for this event.
3. Probability of an event passing through a gap
Probability of observing narrow atmospheric families
The possible area passed through by the event in the upper chamber includes some gaps, and the possibility of the event passing through such a gap cannot be completely excluded. One may therefore argue that an ordinary atmospheric family entered the gap between two blocks in the upper chamber [14, 16] . The average lateral spread of ordinary families is 2−3 cm in radius, and showers within radius 15 cm from the family center are usually taken for analysis. Those atmospheric families which have high energy shower clusters in the central region generally have a large number of high energy showers in their outer region. Such showers in the outer region are easily detected in the upper emulsion chamber, however no showers with the same incident direction as the cluster in I12 were observed in the upper chamber. The event appears to be an atmospheric family with an extremely small lateral spread, < >∼ 1 cm, in spite of the high energy and very large number of showers. CORSIKA simulations employing a QGSJET01 model for a cosmic-ray nuclear interaction show that the probability of observing such a narrow family is as small as ∼ 10 −3 (∼ 6 events among 6216 simulated events [15] ). If the event is an atmospheric family which passed through a gap in the upper chamber, then its characteristics should be:
• a very small lateral spread, because almost all showers observed in the lower chamber are located inside a circle of ∼1 cm radius from the event center, and
• a very large number of showers observed in the lower chamber.
Thus the shower cluster in I12 does not seem to be a normal narrow family but a very rare event, even if we assume that the event is an atmospheric family.
Probability of a narrow family passing through a gap in the upper chamber
The total gap area is 2.44 m 2 amounting to ∼0.05 of the total area of the upper chamber 1 , 44.2 m 2 . The probability of such a narrow family passing through a gap in the upper chamber is (∼ 10 . 156 events were analyzed in the Chacaltaya two-storey chambers, so the expected number of narrow events passing through the gap in the upper chamber is as small as ∼ 0.008. Fig. 1 shows a schematic view of an event with a lateral spread of ∼1 cm radius entering a gap in the upper chamber. The average size of the gap is 0.8 cm in the -direction and 1.9 cm in the -direction. In the figure we show three cases, passing through the gap between two neighbouring blocks in a horizontal column, in vertical rows and passing through the gap between four neighbouring blocks (largest gap). Even in these cases it is quite improbable, as seen in the figure, that the event could reach the lower chamber without passing any of the lead plates in the upper chamber, because the event entered the upper chamber with zenith tangent ∼ 0.3. Furthermore, 6 sheets of lead plate in each block in the upper chamber are generally not exactly aligned vertically but have a random displacement of ∼ 5 mm.
A bundle of target interactions (C-jets)
If the showers observed in the lower chamber are due to the target interactions of hadrons (C-jets), then we should observe a signal of neutral pions, because most of the observed showers originate from γ-rays in π 0 decays. As described in Ref. [15] , 28 C-jets with E C − ≥ 2 TeV were identified in the I12 shower cluster.
In each C-jet, the two-body invariant mass, γγ , was calculated for all combinations of γ-rays of E γ ≥ 0 3 TeV. Fig. 2 shows the γγ -distribution for γ-rays in these 28 Cjets. The result is compared with those of simulated events of C-jets using the QGSJET model for both -Carbon and π-Carbon interactions. The experimental distribution agrees well with that of simulated C-jets and we see a peak at γγ = 100 ∼ 150 MeV/c 2 , indicating that the cm between the neighbouring blocks in a horizontal column, the gap of 2 cm between the neighbouring blocks in a vertical row, and the gap among four neighbouring blocks in the upper chamber. The lower two images are side views for the gaps in the y-direction (right) and x-direction (left). The numbers 0 ∼ 6 accompanying the circles, which show the area of the shower cluster, are layer numbers from the top (0) to the bottom (6) of the upper chamber at every 1.44 cm (1.3 cm Pb + 0.14 cm film package). It is quite improbable that the event could reach the lower chamber without passing any of the lead plates in the upper chamber.
showers are due to π 0 -decay. The above procedure was also applied to 6 simulated events of narrow atmospheric families. In these events the γγ -distribution has no peak near the π 0 mass and is very different from those of Cjets. Furthermore, the energy spectrum of showers in the shower cluster is also well reproduced by the superposition of a bundle of C-jets [17] . To convince the reader that the physics of C-jets is understood, the pseudo-rapidity distribution of non-Centauro C-jet data is compared directly in Fig. 3 with those of simulated events using the QGSJET model for p-C interaction [18] . Cosmic-ray protons are assumed to enter the target layer of the twostorey emulsion chamber with integral energy spectrum E −1 8 and to make nuclear interactions in the target layer. In the simulated events the detection thresholds in energy and in emission angle, as well as all possible effects due to successive interactions inside the target layer are taken into account.
Centauro-I discussion
The "Centauro-I" event, a shower cluster found in the lower chamber of the two-storey emulsion chamber, passed through the upper chamber but no corresponding candidate shower cluster was found near the expected position in the upper chamber. There are two possible ways to interpret the results. One is that the atmospheric event passed through the gap between the blocks in the upper chamber. From probability arguments,
• the possibility that a narrow atmospheric family passed through the gap of the upper chamber is as low as ∼ 10 . Furthermore,
• the distribution of the two-body invariant masses of γ-rays, which is obtained by assuming the production point of γ-rays at the middle of the target layer, shows a clear peak around the π 0 mass. • The energy distribution of showers in the event is well reproduced by a superposition of a bundle of C-jets.
These facts indicate that the showers most likely originated from the decay of neutral pions produced in the carbon layer of the chamber, and cannot be described by the gap-passing hypothesis of an atmospheric event. In other words the event cannot fully be described by a rare, but normal, atmospheric event. Based on the above considerations, it is concluded that the shower cluster in I12 was produced in the carbon target layer by a number of interactions of particles arriving at the emulsion chamber with an appreciable lateral spread. However, nothing can be said about the transverse momentum of those particles at production because there is no information on their production height. To interpret the event the following points must be explained:
• These particles were not accompanied by any γ-rays above the detection threshold energy. This is almost impossible for high energy cosmic-ray events observed at Mt. Chacaltaya.
• These particles did not produce any shower in the upper chamber but produced 28 visible C-jets in the carbon target layer, although the collision probability of hadrons in the upper chamber is nearly the same as that in the carbon target layer (the probability is 0.28 in the upper chamber and 0.33 in the carbon target layer if the particles are assumed to be nucleons).
An illustration of these characteristics is shown in Fig. 4 . The appearance of a glob of strange quark matter (SQM) among primary cosmic rays can describe the above characteristics of the event [17] . Many models have been proposed to explain the Centauro-related phenomena [6, 10, [19] [20] [21] [22] . The widespread opinion that the likely mechanism for Centauro production is the formation of quark-gluon plasma (QGP) was incorporated in many of the proposed models. They satisfactorily explain the hadron-rich composition of Centauro-like events, but only a model of an SQM fireball decaying into baryons and strangelets [9, 10, 19, 20 ] offers a simultaneous explanation of all Centauro-related phenomena. This model also explains both an anomalous hadron enhancement and a strongly penetrating component.
The recent experimental findings, described in the previous sections, motivated the development of new ideas, models and explanations. The negative result of strangelet searches by the STAR Collaboration could be understood:
• The basis of the model of strangelet production is via the formation and consecutive decay of a strange quark matter (Centauro) fireball [10, 19] . Fig. 5 shows pseudorapidity distributions of strangelets produced in central Au+Au collisions, at RHIC conditions, simulated by means of a Centauro generator [23, 24] . The simulations indicate the pseudorapidity region ∼ 4 < η < 6 as the most suitable place for strangelet production [25] . It is outside the searches made by the STAR Collaboration in the ∼ 6 5 < η < 8 0 region of the ZDC calorimeter.
• Another explanation could be the formation of strangelets from modified spectator matter. At the Workshop on Nuclear Dynamics, in 2010, E. Norbeck and Y. Onel presented the idea that strangelets can be formed in peripheral nucleusnucleus collisions via modification of spectator matter [26] . They speculate that the spectator matter can be enriched by strange quarks as a result of catching K − mesons from QGP. The piece of spectator matter could then have a Z /A ratio less than that for usual matter. This idea could explain the negative result of the STAR Collaboration, searching for strangelets in central collisions.
Aligned events and the longflying component

Aligned events
The Pamir group has reported observations of unusual events in which three or more high energy showers/shower clusters (so-called energy distinguished cores) are positioned along a straight line. This phenomenon was first found by the Pamir Collaboration [27] [28] [29] [30] [31] and confirmed [23, 24] , in central Au+Au collisions at RHIC [25] .
later in mountain [32] and stratospheric [33] [34] [35] experiments. An alignment parameter, λ N , of N cores is defined as
where φ is the angle between two vectors and connecting the -th and -th cores and the -th and -th cores. The parameter λ N is 1 in the case that N cores are along a straight line and −1/(N − 1) in the case that N cores are distributed isotropically. To analyze the alignment, the parameter λ N is applied to select events, which are referred to as aligned if the inequality λ N ≥ λ is valid for their N most energetic objects. As a rule, λ = 0 8 and N = 4. In this analysis it is shown that the alignment can be observed only in high-energy families of E γ ≥ 700 TeV (with a detection threshold energy of 4 TeV). Fig. 6 shows how the fraction of families with a parameter value λ 4 ≥ 0 8 depends on their family energy. The figure shows that the fraction of events with λ 4 ≥ 0 8 is less than 10 % in the simulated events, whereas it increases drastically when the family energy exceeds 700 TeV in the experimental data, corresponding to interaction energies of √ > ∼ 5 TeV.
There are two highly aligned events with λ 4 ∼ 1. One event is Strana (λ 4 = 0 99) [33, 34] which was observed by the balloon experiment (∼ 10 g·cm with energy E γ > 1000 TeV.
The probability, , of gaining the real experimental data sets of aligned families in the framework of different traditional QGSM-based models is as low as < ∼ 10 −16 [36] [37] [38] ). These experimental results cannot be explained by fluctuations of cascade development, while the above-mentioned kinematic range ( L > ∼ 0 01) with a specific ( L ) dependence is also related to the alignment phenomenon [37, 38] .
( L ) dependence and features of γ-ray families and EAS
It is also very important to study the problem of relations between the lateral and azimuth features of atmospheric γ-families on the one hand, and ( L ) correlation predicted by models on the other, in order to improve the reliability of model prediction comparisons.
Hadron interaction models used by the most popular CORSIKA package are mainly tuned on the basis of sealevel Extensive Air Shower (EAS) data. A number of models with very different features were proposed, however, it has not yet been decided which is the best. As a rule, high-mountain EAS data, and especially X-ray-emulsion chambers (XREC) results are not taken into account, although the features of γ-families are actually more sensitive to variations of hadronic interaction models as compared with EAS characteristics. As a result, data on γ-families can give some information which could be useful to determine parameters of models. Investigations of superhigh-energy cosmic rays produced by primary cosmic radiation using XREC techniques to detect γ-h families, "above XREC", i.e., with no simulation of measurement procedure. In spite of a very small difference in values, the difference in the average radii of families (especially those produced by protons) is obviously very significant and undoubtedly depends on the relative magnitude of ( L ) dependences at 0 01 < ∼ L < ∼ 0 4. Fig. 8 shows dependences on L for FANSY 1.0's QGSJ, and also with coplanar particle generation of three versions: feeble, weak and strong, at E 0 = 10 16 and 10 17 eV in -air interactions. These energy values are chosen because the energy range 10 16 −10 17 eV is responsible for the formation of aligned families. It should be noted that only the strong version could (approximately) describe experimental data [38] .
As shown above, while designing any model with CPG processes it is necessary to take into account that coplanarity is:
• characterized by σ being comparable with σ at interaction energies higher than several tens of PeV;
• related to the most energetic secondary particles;
• related to a specific correlation between longitudinal ( L ) and transverse momenta ( ) of particles: lower L correlates with higher (at L > ∼ 0 01).
According to Ref. [40] the CPG process influences EAS characteristics at a height of 700 g·cm
mainly in a narrow central range (R ∼ 1 m). Although these results depend on the CPG model, it is virtually impossible to study such fine effects in EAS experiments, due to a combination of detectors with a rather poor coordinate resolution and a depth in the atmosphere where the CPG influence is negligible in any case [36] . CPG-caused effects are comparable with those produced by light nuclei and should be taken into account in EAS simulations.
The long-flying component
The Long-flying component was first discovered by V.I.Yakovlev (see for example [41] ) in the Tien Shan Calorimeter. In thick lead chambers hadron-induced cascade showers are sometimes observed, which continue very deep in the chamber. A typical example of shower transition is shown in Fig. 9 . The ratio E 1 (γ)/ E(γ), is considered to be related to γ-ray inelasticity. E 1 (γ) is the energy, released into γ-rays at the first hadron-Pb interaction, which can be estimated from the first peak of the shower transition curve (see the dotted curve in Fig. 9 ).
The standard modelling used to analyze cosmic-ray data assumes a constant cross section at a given energy. For some time, however, evidence has accumulated that such an approach is too simplified because it does not account for possible intrinsic fluctuations in cross section. These variations result in a characteristic power-like behaviour of the depth distribution of the starting points of cascades. The origin of cross-section fluctuations (CSF) is traced down to the fact that hadrons have internal degrees of freedom (colour-carrying quarks and gluons) and can thus collide in different internal configurations resulting in different cross sections. Interested readers are referred to [42] for details and a physical justification of this phenomenon. Fluctuations of hadronic cross sections are discussed in the literature and observed in diffraction dissociation experiments at accelerators [42, 43] . Subsequently, the so called Tsallis statistics [44] [45] [46] [47] [48] were used to increase the predictive power of the usual statistical approaches. Few begin with a short reminder of the approach based on the application of Tsallis statistics. It is well known [49] [50] [51] [52] [53] [54] that whenever the parameter λ ∝ 1/σ in the exponential formula
fluctuates according to the gamma distribution,
one obtains a power-law distribution as a result: The dotted curve shows shower-curve fitting of the first peak of the transition curve for an estimation of the shower starting point ∆ and released energy E(γ) at the first hadron-Pb interaction. The right-hand diagram shows the distribution of cascade origin points for hadrons with E (γ). Here λ 0 denotes the value of λ around which one has fluctuations given by Eq. (3) and the parameter, , indicates to which classes of superstatistics this distribution belongs (notion introduced in [55, 56] ), type A with = 0 or type B with = 1, ( = 0 is used in all analyses of cosmic-ray data). In both cases the so called non-extensivity parameter ∈ (1 2) reflects the amount of fluctuations with
Notice that for → 1 Eq. (4) becomes Eq. (2). Available experimental data for low energies (up to 10 4 GeV in the laboratory) suggest that the relative crosssection variance increases with energy as ω ∼ ln , or is asymptotically constant ω ∼ − / ε [42] . In Ref. [57] the depth distribution of the starting points of cascades in the Pamir lead chamber was described for the cross section sampled from the uniform distribution, data, including the Long-flying Component. The relative fluctuation of a cross section, ω 0 3, was evaluated [58] . The "Long-flying Component" observations made by the emulsion-chamber community have been explained as due to the anomalously small hadronic cross section of hadrons containing a charmed quark [41, 59] . There is no reason that hadrons containing charmed quarks should have such low cross sections, however, and it is believed that this could be explored with accelerator data. A simpler, and certainly relevant explanation of this observed anomaly, is the presence of tau leptons. Massive hyperons (containing charm or bottom quarks) are known to decay with very short lifetimes, and often with a tau lepton among the decay products. Note that the tau has a rest mass of about 1.8 GeV and a decay mean life of about 2.9 ×10 −13 seconds, so that a tau of energy in the TeV range would have a decay mean free path of about 10 cm. Its decay to pions and/or kaons would appear like a nuclear interaction, e.g. when passing through an emulsion chamber [60] .
The hybrid experiment at Mt. Chacaltaya
Hybrid experiments involving simultaneous operation of an air-shower array, hadron calorimeter and an emulsion chamber have been carried out at three locations: Mt. Chacaltaya (5200 m, Bolivia) [61, 62] , Yang-bajing (4300 m, China) [63] [64] [65] and Tien-Shan (3340 m, Kazakhstan) [66] . These experiments were designed to study nuclear interactions and the chemical composition of cosmic rays in the energy region around 10 15 − 10 17 eV. Correlations between air showers and accompanying families have been investigated in these experiments by comparing experimental and simulated data [67] [68] [69] . Some results from the Chacaltaya hybrid experiment, shown here, were obtained by studying correlations between the hadron component (hadron calorimeter data) and families observed in emulsion chambers, which are considered to be very sensitive to the mechanism of cosmic-ray interactions. The air-shower array of the Chacaltaya hybrid experiment uses 35 plastic scintillation detectors to cover a circular area within a radius of about 50 m. This is done to measure the lateral electron-density distribution of the air showers. We can obtain air-shower size, N , by fitting the experimental lateral electron-density distribution with an NKG function [70, 71] . In the center of the air-shower array, 32 blocks of emulsion chambers (0.25 m 2 each) were installed (see Fig. 10 ). Each block of the emulsion chamber consists of 30 lead plates, each 0.5 cm thick, and 14 sensitive layers of X-ray film inserted after every 1 cm of lead. The total area of the emulsion chamber is 8 m 2 . We can measure both the energies and geometrical positions of individual high-energy electromagnetic particles in the emulsion chamber. Hadron calorimeters with plastic scintillators 5 cm thick are installed underneath the respective blocks of the emulsion chamber (see Fig. 11 ) to measure particle density (particle number in 0.25 m 2 ), , which is closely connected to the hadron component in the air shower. An iron support 2 cm thick is inserted between the emulsion chamber and the burst detector. Further details of the Chacaltaya hybrid experiment are described in Refs. [61, 62] . In the Chacaltaya data, 1034 events in ∼ 40 m 2 year exposure of the hadron calorimeters satisfy the following criteria:
• N ≥ 10 6 ,
• ≥ 10 4 , where is defined as the largest burst density among the 32 blocks of hadron calorimeters.
• R AS−BS ≤ 1m, where R AS−BS is the distance between the burst center and the air-shower center.
Of these events, 73 were accompanied by high-energy atmospheric families of ΣE γ ≥ 10 TeV (E γ ≥ 2 TeV). Figure 12 shows scatter diagrams of air-shower size, N , and maximum burst density, , for the experimental data and the simulated data of proton and Fe-primaries 2 . In iron-primary events, is roughly proportional to N , though is weakly correlated to N for protonprimary events. This is natural because Fe-air interac- 2 The CORSIKA simulation code (version 6.735) [72] was used to generate extensive air showers and families, employing the QGSJET (QGSJET01c) [73] and EPOS models (EPOS 1.60) [74, 75] for cosmic-ray nuclear interactions. The GEANT4 code [76] tions are assumed to be the superposition of a number of lower energy nucleon-air collisions, so fluctuation effects, on average, become smaller. For proton-air interactions, however, the depth of interactions and/or released energy at the interaction fluctuate widely event by event. The distribution in the experimental data is similar to that for proton-primaries as seen in Figure 12. Figure 13 shows the correlation between the family energy, ΣE γ , and the associated air-shower size, N , in burst-triggered families. In the air-shower-size region of N ≥ 10 7 , the family energy in the experimental data is systematically smaller than expected for the case of proton primaries and those events look like coming from iron-primaries. Figure 14 shows the correlation between for the hadron calorimeter and the accompanying family energy. The experimental data are compared with simulated data for proton-and iron primaries. As seen in the figure, the family energy is almost proportional to in the simulated data irrespective of the primary particles, though the family energy of the events arising from iron primaries is smaller than that from proton primaries. We note that the family energy in the experimental data is systematically smaller than the simulated data in events with larger burst density, ≥ 10 5 . Figure 15 shows an average family energy versus . It is clear that the experimental data can not be explained by simply changing the chemical composition of the primary particles. One may argue that the smaller family energy in the experimental data is due to a systematic underestimation of the shower energy in the emulsion chamber. The integral spectrum of family energy observed by the present hybrid experiment is smoothly connected to that of the emulsion-chamber experiment conducted by the Brazil-Japan collaboration [1, 3] . We can therefore conclude that the energy estimation of high-energy particles in the emulsion chamber of the present hybrid experiment is not much different from that of the emulsion-chamber experiment of the BrazilJapan collaboration. One may also argue about an overestimation of the burst density, especially beyond the region of ≥ 10 5 , but this possibility is also ruled out, because the distribution of /N is well described by simulations.
Correlation between air showers and bursts
Correlation between air showers and families
Correlation between bursts and families
Collider experiments
Theorists have advanced the idea that such Centauro-like events were an example of Disoriented Chiral Condensates (DCC), a model wherein the probability of zero pions produced in a high-energy collision would be common [6] . To test this, Bjorken and Taylor proposed an experiment at the Tevatron Collider to study the pion charge ratio in the forward direction in 1. so that the ratio of neutral to charged pions could readily be measured. The results of this experiment, based on over a million events, were consistent with a generic, binomial-distribution partition of pions into charged and neutral species, hence setting a limit on the validity of the DCC models and questioning the validity of the Centauro phenomenon [77] .
CASTOR ("Centauro And STrange Object Research"), the subsystem of the CMS experiment at the CERN LHC, is a tungsten-quartz plate calorimeter surrounding the LHC beam pipe down-stream of the CMS experiment interaction point, and subtending angles between 0 2
• and 0 6
• , corresponding to a pseudorapidity range between about 5.2 and 6.4. Again, as in the Fermilab experiment described above, the CASTOR detector includes a forward set for gamma detection and a longer section for the tracks and energies measurement of hadrons. The readout, due to the high LHC luminosity, uses quartz fibers to observe the Cherenkov radiation from the particles. Besides the search for evidence of Centauro events, this detector will provide very useful data on the far-forward reaction products in the LHC p-p and Pb-Pb collisions. This CASTOR data will certainly be integrated with the TOTEM data and other CMS data and contribute to the better understanding the forward physics final states, independent of the Centauro search.
Unusual events in the CASTOR detector
The CASTOR tungsten-quartz calorimeter, originally proposed for the ALICE experiment and finally built as a subsystem of the CMS experiment [78, 79] , is a unique experimental device dedicated to explore the baryon-rich forward rapidity region (5 2 < η < 6 5). It will be able to detect unusual events, whose appearance is expected from the analysis of cosmic-ray data and/or predicted by different theoretical models. It has been shown [80] [81] [82] that because of the high depth (760 mm of tungsten, i.e. ∼ 10 3λ) and fine azimuthal (16 sectors) and longitudinal sampling, the CASTOR calorimeter is a sensitive tool for detecting strongly penetrating objects and for studying the longitudinal profile of the cascade shower. The energydeposition pattern in such a deep calorimeter will be an excellent signature of anomalous events. In particular strangelets passing through the deep chamber (calorimeter) are expected to produce strongly penetrating cascades with many maxima [80, 81] . Both short-lived and longlived strangelets may produce the many-bump structure in the longitudinal cascade profiles by their decay or collisions.
It is expected that as well as Centauros and stragelets, the deep CASTOR-like calorimeters will also be able to detect other exotic objects, such as magnetic monopoles or Supersymmetric R-hadrons [25] . Some examples of the signals expected in the CASTOR calorimeter, predicted for Centauros, Strangelets and DCC-clusters are shown in Fig. 16 . They demonstrate quite different shapes to "normal" events, generated by HIJING 4 . Morever, they also differ substantially one from another. The CASTOR calorimeter will be able to detect long-lived as well as short-lived strangelets of any charge (including neutral).
A search for CPG in collider experiments
The energy dependence, and other details of the coplanar particle generation, could be studied at the LHC by CMS and ATLAS experiments, at energies up to √ 14 TeV. Such energies are higher than the interaction energies of the primary cosmic-ray particles, √ > ∼ 5 TeV, responsible for generation of aligned families observed in XREC experiments.
It seems that one of the "ridge" effects observed recently by CMS [83] , i.e., the long-range correlations at ∆ ∼ 0 4 HIJING is basically designed to simulate multiple jets and particle production in pp, pA or AA collisions. PYTHIA subroutines and Lund jet fragmentation schemes are used and ∆η > ∼ 4, is related to the coplanarity phenomenon observed in cosmic-ray experiments.
It would be most attractive to carry out direct tests of the above-described models in LHC experiments, however such an analysis requires solution of a number of problems caused by the collider's specific construction, which makes the study of most energetic particles very difficult. Firstly, this effect can only be directly studied event-by-event, i.e., at low collider luminosity. Secondly, the effect is related, on one hand, to a range of rather large F values and, on the other hand, to high transverse momenta. tions. Note that the average values of transverse momentum, (E 0 ) , are much lower than its maximum values, copl (E 0 F ) , realized at F ∼ 0 03 (see Fig. 8 ). This is obviously caused by the fact that the bulk of particles are generated in the central kinematic region where CPG processes are negligible. Figure 19 shows the pseudorapidity dependence of transverse momentum (η) at √ = 14 TeV for different FANSY versions and kinematic ranges exploited by CMS, CASTOR, TOTEM, ZDC, and LHCf experiments at √ = 14 TeV. Their operation pseudorapidity ranges are −5 < η < 5, 5 25 < η < 6 5, and 4 < η < 7, respectively, while some CPG effects could manifest themselves in these ranges (at least, in the framework of the model under consideration). In any case these experiments can give information on , while QGSJ, feeble, weak, and strong versions predict different π + values at LHC energies, in particular, = 0 4, 2.4, 4.5, and 5.6 GeV/c, respectively (see Fig. 18 ).
Conclusions from the Chacaltaya data
The characteristics of bursts accompanied by protoninduced air showers are very different from those accompanied by iron-induced showers (Fig. 12) . The considerable number of proton-primary-induced air showers accompanyied by large burst-densities are similar to the showers observed experimentally. Such large burst densities are not seen in iron-induced air showers. In contrast, the correlation diagram between family energy, ΣE γ , and the associated air-shower size N , (Fig. 13) shows that the family energy accompanied by an air-shower of N ≥ 10 7 in the experimental data is systematically smaller than that expected both for proton primaries and also those events that apparently arise from iron primaries. The contradiction of the above results is clearly visible in the correlation diagram between bursts and families, Fig. 14 . No model describes the observed correlation.
The spectra of high energy particles detected in emulsion chambers are more sensitive to the mechanism of particle production in the most forward region of rapidity. The hadron calorimeter supplies data about the hadron component of the air shower. This component carries more direct information on the nuclear interaction than any other component, including the electron and muon components of the air-shower. The hadron calorimeter burst size data give a measure of the interaction energy.
A steeper -distribution of the produced particles reduces the detected number of high energy particles in the emulsion chamber (i.e., detected family energy becomes smaller) due to high threshold energy of the emulsion chamber. The hadron component detected by hadron calorimeters, however, does not change much because of the lower detection threshold energy. It follows that the ratio ΣE γ / then becomes smaller. We note that the above scenario seems incompatible with recent results of an LHCf experiment [84] . A possible explanation could be due to fluctuations of the charge ratio of produced particles in high energy interactions, together with fluctuations of the cross section.
Conclusions
Some of the most important and unexpected results obtained from emulsion chamber experiments at high mountain altitudes on extensive air showers properties and e-γ families have been briefly presented here.
The most spectacular event was the Centauro-I, which was registered almost 40 years ago at Mt. Chacaltaya. The event was registered in the lower chamber of a twostorey type emulsion experiment. The bundle comprised 39 hadrons of E γ ≥ 1 TeV detected by nuclear emulsion and X-ray films. The total energy of the detected hadrons was close to 1000 TeV, but practically nothing was observed in the upper chamber with an incident direction similar to the shower cluster in the lower chamber and an energy higher than the threshold of about 1−2 TeV for electromagnetic cascades. Many models have been proposed to explain Centauro phenomena. In our opinion the likely mechanism for Centauro production is the production of a quark-gluon plasma fireball. A strange quark matter fireball with a long decay path may be produced in an Fe-air central interaction high in the atmosphere. This long-lived fireball, decaying into baryons and strangelets at the mountain altitudes, offers a simultaneous explanation of all Centauro-related phenomena, i.e. the hadron-rich composition and the appearance of the strongly penetrating component. The ATLAS experiment has made the first observation of an unexpectedly large imbalance of energy in pairs of jets created in leadion collisions at the LHC [85] . Concentrated jets of particles are formed in the central collisions of lead ions at the LHC. Groups of particles with the highest energies are produced in the collisions in a very narrow cone angle of azimuth and pseudo-rapidity. A similar group of hadrons is needed to clarify the Centauro-I with the assumption that the residual effects arising from such particles from the second jet will be below the threshold for registration, and that the situation may arise in the interaction of cosmic-ray nuclei in the atmosphere. However, it cannot be completely excluded that the event passed through the gap between films (with probability as low as 10
), or that it is a normal family produced in the atmosphere close to the Chacaltaya level. Such a narrow family could be produced by a primary proton which interacted very deep in the atmosphere.
Hybrid experiments, simultaneously operating an airshower array, an emulsion chamber and a hadron calorimeter, open the possibility of studying nuclear interactions in the energy range 10 15 − 10 17 eV. Some results from emulsion chambers placed in the centre of air-shower arrays have been presented. These include correlations between the data from hadron calorimeters and e-γ families detected in extensive air showers. Without going into deliberations about the role of the chemical composition of the primary cosmic rays, the observed discrepancy between experimental and simulated data is probably associated with two simultaneous facts. First, a faster rise of the multiplicity of produced secondary particles in highenergy nuclear interactions, faster than ∼ ln . This multiplicity of secondary particles produced faster has been recently measured at the LHC. These measurements show that the charged-particle density in the central rapidity region follows a simple power law (see the old Fermi and Landau hydrodynamic model [86] [87] [88] used some time ago in cosmic rays) at laboratory energies from as low as 10 GeV up to 2.6 ×10 7 GeV (see also ALICE first results at 7 TeV [89] ). Specifically the power law exponent, close to α = 0.13, found at energies 10 − 1 5 × 10 3 GeV [90] and α = 0.11, is the same as that found for laboratory energies 1.5 ×10 3 − 1.5 ×10 5 GeV [91] . Secondly, the knowledge of scaling violation in the nuclear interactions, which determines the factor ( / 0 ) α [90] where 0 is the energy of the breaking of scaling occurs efficiently, is crucial for understanding cosmic ray cascades. A dilema is arrisen: either admit scaling violation in the fragmentation region or assume heavy composition of primary cosmic rays. A possible explanation could be due to fluctuations of the charge ratio of produced particles in high-energy interactions, together with fluctuations of the cross section.
Some alignment of energy distinguished cores were observed almost 35 years ago in the Pamir experiment. The alignment was along a straight line on target planes in gamma-hadron families with visible energy higher than 700 TeV (corresponding to an average interaction energy of about 8−9 TeV in CMS). Simulations by CORSIKA high-energy interaction models show that these experimental results cannot be explained by fluctuations of cascade development. The probability of obtaining aligned families comparable with experimental data, in the framework of different QGS-models, is as low as 10
. Emulsion chamber groups that have identified aligned events should interact with the Tevatron CDF and D0 groups, as well as the CERN LHC ATLAS and CMS experiments, seeking an analysis of their low-luminosity inclusive data in terms of the parameter λ N of Eq.(1) in specific pseudo-rapidity intervals. This would allow direct comparison between cosmic-ray and accelerator-collider data. The ( L ) correlation in the fragmentation kinematic range at 0 01 < ∼ L < ∼ 0 4 is very important, as it is related to lateral and azimuth features of γ-ray families and young EAS subcores. It is necessary to analyze the ( L ) dependence in this kinematic range to make hadron-interaction models more reliable.
The alignment phenomenon can not be explained by present-day quark-gluon string models without assuming a process of coplanar particle generation with large transverse momenta manifesting itself at √ > ∼ 5 TeV. Cases concerning alignment contain four or more cores from the most energetic hadrons. They can not be explained by the production of a dijets observed recently at the LHC [92] .
Cascades observed in the so-called deep calorimeters in the Tien-Shan and Pamir experiments deviate from the exponential attenuation. In separation cases, they possess very different structures (i.e., waveforms cascade profiles). We pay attention to the fact that, in the past, simulations did not take into account fluctuations in cross sections around their average values for a fixed energy. Families recorded at mountain altitudes are insensitive to any isospin fluctuations. This means that Centauro events must originate from very penetrating particles. Two scenarios leading to such enhanced penetrability are possible: propagation of a chunk of Strange Quark Matter (strangelets), or fluctuations of the cross section. In addition, the alignment phenomenon occurs despite the fact that there is always a substantial number of interactions contributing to family formation. The long-flying component, with a mean free path of a few hundreds of g/cm 2 , is required. Fluctuation of cross section, manifesting in non-exponential attenuation of hadrons observed in deep calorimeters, leads to the expected long-flying component.
• Detection of electromagnetic showers A high-energy particle from the electromagnetic component of cosmic rays, i.e., an electron, positron or a photon, incident upon the emulsion chamber, produces a cascade shower in the chamber. Electrons in the cascade shower are recorded by the photosensitive layers. After photographic development, we can observe the shower as a small dark spot (of ∼200 µm diameter) on X-ray film with unaided eyes, or as a bundle of electron tracks in a nuclear emulsion plate seen with a microscope. The energy of the shower can be estimated by comparing the shower development with the prediction of cascade theory. That is, we measure the darkness of the shower spot on X-ray films at every layer with a microphotometer. The development of spot darkness along the depth of the chamber, called the transition curve of darkness, is compared with those calculated based on the threedimensional cascade theory which takes into account the sensitivity of the X-ray film. Alternatively, we can count the number of electron tracks in the shower within a circle 50 µm radius in the nuclear emulsion plates, interposed at various layers. The transition curve of the electron number is compared with those of the cascade theory. In this way we can determine the shower energy and the shower starting point ∆ . The detection threshold energy of the shower is 2−4 TeV in X-ray film observation and 0.1−0.2 TeV in emulsion plate observation.
• Detection of hadrons
The emulsion chamber can detect hadrons, too, through inelastic nuclear collisions of hadrons with Pb. In these collisions, the produced γ-rays, mainly due to π 0 decays, initiate cascade showers in the chamber, which are detected by the emulsion chamber. Distinction of hadron(-induced) showers from γ-ray showers can be made using the difference of interaction lengths. We define showers with starting point ∆ ≥ 4 c.u. (or 6 c.u.) as being hadron-induced. We call such a hadron-induced shower a "Pb-jet".
• Families
The emulsion chamber often records a group of showers, parallel in their arrival direction, in an area with a radius from several cm up to a few tens of cm. Such a group of showers is called a "family", because it shows the arrival of a bundle of high-energy electromagnetic particles and hadrons produced by atmospheric nuclear interaction (called A-jets), during passage through the atmosphere, originating from one and the same primary particle. The families observed in the thick lead chambers and the twostorey (carbon) chambers often consist of showers of both electromagnetic and hadronic origin. These families are called "gamma-hadron families" (γ-h families).
A.2. Experiments using emulsion chambers at high mountain stations
There are several experiments using emulsion chambers on high mountains. Table 2 shows a brief description of the experiments discussed in the present paper.
• Two-storey chambers: An emulsion chamber of twostorey type typically consists of an upper chamber of 6−8 cm Pb, a target layer of 23 cm pitch, an air gap of 1.47 m and a lower chamber of 8−11 cm Pb. Sensitive layers of X-ray film are inserted under every 1 cm of lead plate in the upper chamber, and layers of X-ray film and/or nuclear emulsion plates are inserted under every 1 cm of lead plate in the lower chamber. The chamber was initially designed to study nuclear interactions in the pitch target layer, called "C-jets". The particles produced by the hadronic interaction in the target layer diverge during passage through the air gap between the target layer and the lower chamber. A C-jet appears as a single diffuse dark spot on X-ray films, and as a group of showers, spreading within a radius 1−2 mm, in the nuclear emulsion plates when viewed with a microscope. We can measure the energy and coordinates of each shower produced in a C-jet.
• Emulsion chamber with hadron calorimeter: The emulsion chambers and hadron calorimeters are installed in the center of the air-shower array of the hybrid experiment. The emulsion chamber consists of 15 cm Pb. Fourteen sensitive layers of X-ray films are inserted under every 1 cm of lead plate. Hadron calorimeters of 5 cm plastic scintillator are installed underneath the emulsion chamber (see Fig. 11 ).
• Carbon chambers: The Pamir carbon chamber typically consists of a 6 cm Pb gamma block, a 60 cm carbon layer, and a 5 cm PB H block. Three sensitive layers of Xray film are inserted in both blocks. The gamma block detects showers of electromagnetic particles and the H block detects hadronic showers initiated by the hadronic interaction in the carbon layer.
• Thick lead chambers: The Pamir thick lead chamber consists of 40−110 layers of 1 cm thick lead plates. Sensitive layers of X-ray film are inserted under every 1 or 2 cm of lead plate to detect hadron interactions in the chamber. This allows observation of the whole development of cascade showers initiated by a hadron-Pb interaction in the chamber.
The measured energy, denoted by E γ or ΣE γ , of the hadron-induced showers detected as a Pb-jet or a C-jet is on average ∼1/6 of the interacting hadron energy, assuming that all the produced particles are pions (i.e., 1/3 are neutral pions) and average inelasticity of the interaction is ∼1/2. • two-storey chamber with air-gap
• simple emulsion chamber with hadron calorimeter Pamir plateau 4360 600
• carbon-chamber
• thick lead chamber (40−110 cm Pb)
